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Abstract 
The rare isotope science project (RISP) has been launched in 2011 to support a wide range science program in nuclear, 
material, and bio-medical sciences as well as interdisciplinary programs. The production of rare isotope beams at RISP is 
currently configured to include facilities for both an In-flight Fragmentation (IF) system and an Isotope Separator On-Line 
(ISOL) system, which will utilize a 70 MeV H- cyclotron. The cyclotron will deliver 70 kW proton beam power to ISOL targets, 
where rare isotopes are generated and re-accelerated by a linear accelerator. 
A multi-cusp ion source used widely in H- cyclotrons is designed to have cusp geometries of magnetic field inside the ion 
source chamber, where ions are confined and enhanced plasma densitiesU Therefore the magnetic confinement fields produced by 
a number of permanent magnetic poles help to increase H- beam currents. In this work a numerical simulation is performed to 
understand the effect of multi-cusp magnetic fields when the number of magnetic poles is varied from 6 to 14. It is found that the 
larger number of magnetic poles provides a stronger ion confinement yielding higher extracted H- ion currents while the 
extracted electron current becomes lower. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction  
Beams from the RISP superconducting heavy-ion linear accelerator (Jeon et al. 2014) with a beam power of up to 
400 kW delivered to an IF target will produce various rare isotopes. Highly charged ions generated by two electron 
 
 
* Corresponding author. Tel.: +82-42-878-8765; fax: +82-42-878-8799.    
E-mail address: jhkim68@ibs.re.kr 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of the Organizing Committee of CAARI 2014
 J.H. Kim /  Physics Procedia  66 ( 2015 )  498 – 505 499
cyclotron resonance (ECR) ion sources will be injected into the superconducting LINAC for acceleration up to 200 
MeV/u and will irradiate the high-power graphite target. Unlike the IF system that employs heavy ion beams, the 
ISOL system uses high-current proton beams in order to produce rare isotopes from fission in an UCx target. The 
primary proton beam is delivered by a cyclotron with variable energies of 35~70 MeV with maximum power of 70 
kW. Selected species should be separated with high efficiency from various nuclei produced in the nuclear reaction 
process at the ISOL target with energetic protons. Details of ISOL facility for rare isotope beams at RAON were 
described by Kang et al. (2013). 
A high-current ion source is required to produce enough radioisotopes (RIs) at the ISOL target. A magnetic 
confinement of charged ions has been used to increase the ionization in a plasma chamber (Silva et al. 1995). 
Permanent magnets can be utilized to improve the proton currents by forcing the electrons into a zero-field region, 
where the probability of a collision with a neutral hydrogen molecule is enhanced. This procedure improves the 
efficiency of the ionization process and provides the high current of negative hydrogen ions. The multi-cusp 
magnetic field effectively traps ions preventing losses through collisions with walls, particularly in the radial 
direction (Leung et al., 1975). Hosseinzadeh et al. (2013) reported that a 12-cusp design provides the highest plasma 
intensity by Monte Carlo simulation. However, for systems larger than 12 magnets, the confinement of ions is found 
to be significantly weaker, resulting in lower ion currents. 
Since negative hydrogen ions have been employed in a wide range of applications, a fundamental understanding 
of H- ion production plays an important role in the design of high current sources (Kendall et al., 1986). One of the 
production mechanisms for the H- ions, which has a low electron binding energy of ~0.7 eV, is shown in eq.(1) 
where H- is produced by an electron attachment to vibrational excited hydrogen molecules (H2(v”)) in the plasma 
volume, followed by dissociation of the H2 molecule. In the volume-type ECR ion sources, the H- ion density is 
typically estimated to be several percent of the total plasma density (Leung et al., 1984). 
 
e- + H2(v”) Æ H-2(v”) Æ H- + H      (1) 
 
Modeling the dynamics of charged particles (H- and e-) in the multi-cusp magnetic field is critical for developing 
high current H- ion sources. Hatayama et al. (2008, 2014) investigated the kinetic modeling of particle dynamics in 
H- ion source by making a comparison with experiments. Also the extraction for a high current H- multi-cusp ion 
source was simulated by SIMION modeling (Dehnel et al., 2005). 
The enhancement of H- ion production in a multi-cusp source is affected by a cold (~ 1 eV) electron injection. 
The effect on H- ion production by injecting primary electrons with different energies into the multi-cusp region has 
been investigated (Mochalsky et al., 2014). A substantial increase in H- ion yield occurs only when very low-energy 
electrons (E~1 eV) are added to the plasma in the extraction chamber region. The increase may indicate that the H- 
ions are formed by dissociative attachment of vibrational excited H2. In that case, the low-energy electron injection 
scheme could maintain a low average H- ion energy, which in turn could improve the brightness of the extracted 
beam. In this paper, simulation studies are carried out in order to find the optimized design features of the ion source 
and the possible extraction electrode geometry modifications in order to have the highest intensity of negative 
hydrogen ion beams. 
2. Multiple magnetic pole configurations 
2.1. Analysis of multi-cusp line and zero-magnetic field region of plasma 
Fig. 1 shows the multi-pole arrangement around the plasma volume. The cusp line indicates magnetic flux lines 
produced by permanent magnets. The magnetic field strength, B, has a maximum near the magnets and decreases 
with distance into the center of the plasma chamber. The ion source chamber is surrounded by permanent magnets 
aligned in an alternating north pole and south pole configuration. 
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Fig. 1. A schematic diagram of the multi-pole magnet arrangement. A cylindrical vacuum chamber is surrounded by permanent magnets aligned 
in an alternating north (arrow up) and south (arrow down) pole configuration. The lines represent regions of magnetic field strength. 
The Fig. 2(a) indicates the variation of the magnetic field into the chamber as a function of the magnetic pole 
numbers from 6 to 14. It is observed that by increasing the number of magnets, the magnetic field strength, B, at the 
chamber surface increases and also the region of minimum field in the middle becomes wider. The increase makes 
the plasma volume more confined for charged ions. From the calculations, the B values decrease exponentially from 
the wall towards the central region. Assuming an exponential dependence, the magnetic field strength may be 
defined by Eq.(2): 
 
B = Bmax∙exp(-γ·π·y/d)                      (2) 
 
where Bmax is measured on the chamber surface at the edge of the magnet, d represents a distance between magnets, 
y is a horizontal coordinate in a x-y plane, and γ is a geometrical factor. Eq.(2), which fits the experimental data 
taken from Tomozeiu et al. (1999) shows the variation of the magnetic field strength along the chamber radius. The 
parameter γ is varied that, for the system with 6 magnets, the geometrical factor is 0.84 and for the configuration 
with 14 magnets, this factor is 0.90. The geometrical factor may depend on the distance between magnets. The 
higher geometrical factor indicates the higher mirror ratio near the walls and fields at the middle become wider, 
where the magnetic field strength is at a minimum. Fig. 2(b) shows the field free regions as a function of the 
magnetic pole number. As the pole number is increased, the zero-field region become wider, where ions can be 
trapped. This result is consistent with that of Hosseinzadeh et al. (2014). The goal is to for optimize the magnetic 
multi-pole plasma confinement geometries, which will increase the range of constant magnetic field in the central 
region of the plasma volume, and thus increase the number of electrons and ions, which have stationary orbits within 
the region of the field.  
 
 
Fig. 2. (a) Magnetic field variation in a chamber as a function of the magnetic pole numbers from 6 to 14; (b) Range of the zero-field region. 
Higher multi-polarity shows a larger mirror ratio and wider zero-field region, therefore the plasma confinement is stronger. The thin red line in 
the left figure (a) is drawn to define the zero-magnetic field regions, whose values are shown in figure (b). 
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2.2. Ion Source and Injection System (ISIS) 
Fig. 3 shows the configuration of an H- multi-cusp ion source with W-filaments and injection system for RISP 
cyclotron. The H- ions are extracted by an extracting grid system biased at a few kV. The extracted H- ion beam is 
then focused by an Einzel lens and a glazer lens (or quadrupole magnets) and injected into a cyclotron. A chopper is 
an option that can be used to generate a pulsed beam for neutron experiments. A buncher located along the ion beam 
line, is synchronized with the accelerating frequency and increases the beam current up to a factor of 2 to 3. Vacuum 
for the ion source system is maintained by utilizing a turbo pump for the plasma region, and either cryo-pump or 
turbo pump for the injection line. The ISIS is located on the top of the movable upper magnet and beam will be 
directed downwards. The ion source is biased at -30 kV with respect to the ground (Leung et al., 1985). 
 
 
Fig. 3. Configuration of a H- multi-cusp ion source. The injection beam line employs ion focusing elements including a chopper, a buncher, and 
vacuum box. Intense H- ions inject into the cyclotron through an inflector. 
3. Results and Discussion 
3.1. Model description and plasma condition 
As shown in Fig. 4 the ion source body (walls of the plasma chamber) with hot tungsten-filaments (not shown in 
the figure), and an extraction grid, is made of a 150 mm long, 100 mm diameter Aluminum cylinder, around which 
many columns of permanent magnets with magnetic field of ~10 kGauss are mounted. The open end of the chamber 
is enclosed by the three-electrode extraction system. The first electrode is electrically isolated from the chamber 
wall to apply a bias voltage and has a beam extraction aperture (3 mm in diameter). The chamber is biased at -10 kV 
relative to the second electrode (the beam extractor) at the earth potential when the negative ions generated in the 
discharge plasma are extracted. 
 
Fig. 4. Schematic cross-sectional view of the multi-cusp negative ion source with the extraction aperture. Model geometry is presented to 
simulate negative hydrogen ion extraction by SIMION. Magnet size is 19 x 19 mm2. 
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3.2. Electron confinement by magnetic cusp field 
Negative hydrogen ions are generated in the low pressure (typical flow rate at ~10 sccm). The ion source consists 
of three main parts: (1) permanent magnet poles, (2) plasma volume, and (3) extraction region, where produced 
negative ions are extracted through a three-lens system. A multi-cusp permanent magnet field is used for plasma 
confinement that provides an enhanced plasma density in the extraction region and a large homogeneous plasma 
volume. A higher-order multi-cusp magnetic field has been investigated in order to increase plasma density along 
the axis of plasma chamber (extraction axis) and reduce the scattering loss. Due to the multi-cusp field, ions move 
helically in the plasma and are confined at the center in a low magnetic field region and travel along the cylindrical 
plasma chamber axis as shown in Fig.5. The magnetic multi-cusp lines in the plasma chamber are shown as a 
function of pole numbers. 300 electrons are simulated in the multi-cusp field with an initial condition of having 
monochromatic kinetic energy of 200 eV with random directions. The trajectories of all electrons are confined 
within the zero-field region. As the number of magnets is increased, the volume of electron confinement becomes 
large and uniform. This enhances the electron travel length, lifetime, and ionization probability with neutral 
hydrogen gas. Therefore confinement of electrons is essential for multi-cusp ion source to produce intense beams of 
negative hydrogen ions. 
 
 
Fig. 5. Simulated multi-cusp magnetic configurations along the beam axis inside the ion source. The multi-cusp magnetic field is obtained from 
the magnet numbers used from (a) N=6, (b) N=8, (c) N=10, (d) N=12, and (e) N=14. 
The confinement of electrons with several energies of 200 eV, 100 eV, 50eV, 10eV and 1 eV are shown in Fig. 6. 
The size of confinement depends on the electron temperature; the higher electron temperature given by a better 
plasma confinement leads to the higher efficiencies of the ionization and the production of charged ions. 
 
 
Fig. 6. The electron spatial distribution in a multi-cusp field of N=10 poles with electron energies of (a) 200 eV, (b) 100 eV, (c) 50 eV, (d) 10 eV, 
and (e) 1 eV. 
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3.3. Ion confinement with multi-cusp field 
 Trajectories of H- ions with initial energy assumed to be 1 eV are calculated numerically by solving the 3D 
motion equations and the results are shown in Fig. 7. Using these trajectories, the extraction probability of H- ions 
produced inside the chamber have been calculated and are discussed in the next section. The multi-cusp magnetic 
field confines the H- ion plasma along the axis of the cylindrical ion chamber. The ion confinement shows the same 
effect as that of electrons.  
 
 
Fig. 7. H- ion trajectories in multi-cusp configurations with magnet numbers of (a) N=6, (b) N=8, (c) N=10, (d) N=12, and (e) N=14. 
3.4. Extracted electrons and negative hydrogen ions 
Figure 8 shows the extracted trajectories of electrons and negative hydrogen ions. Both particles are negatively 
charged so that they are co-extracted by the extraction system. Figure 8(a) indicates the trajectories of both particles 
without magnetic and electric fields, showing random distribution within a certain location. As soon as particles see 
the multi-cusp magnetic field and electric field of the extraction system, they are confined by magnetic field and 
extracted by electric field as indicated at Figs. (b) and (c) for electrons and H- ions, respectively. The resultant 
electric potential structure leads to a significant H- extraction yield (> 70%). 
Since electrons and ions are always present together in the ion source, the extracted beam is the mixture of both 
electrons and negative hydrogen ions. The electrons have to be separated out and terminated suitably. To remove 
electrons a magnetic filter system is usually employed at the extraction system. However, it was found that high 
multi-cusp can help to remove electrons extraction from the plasma (see Fig. 9) without any other additional 
electron suppression system. Figure 9 indicates that the H- ion extracted yield increases while that of electrons 
decreases as the number of magnets increases. The multi-cusp magnetic configuration shows an additional 
characteristic feature for electron suppression. 
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Fig. 8. Extracted trajectories of electron and H- ions from multi-cusp ion source. (a) Initial electron (and H- ion) trajectories (random velocity 
direction), (b) Electron trajectories under the 6 magnets multi-cusp field and electric field by extraction system, (c) H- ion trajectories under the 
same conditions as (b). The potential used for the electrodes was; 1: -100 V, 2: -100 V, 3: +5,000 V, 4: +30,000 V. 
 
Fig. 9. Extraction yields of electron and H- ion dependence on the number of magnet poles. 
4. Summary and Discussion 
This paper presents simulation results for optimizing the multi-cusp magnetic fields suitable for a high-current 
ion source. We have determined the magnetic flux density from permanent magnets used for a multi-cusp ion source. 
Also, we have calculated plasma confinement and trapping of electrons and H- ions by the magnetic field. The 
optimum values for the magnet numbers used in this study show an increase in the degree of ionization and reduces 
the electron loss in the plasma chamber. Dynamics of H- ion and electron trajectories inside the chamber and optics 
for extracting both particles are studied using numerical simulation. The electron and ion confinement effect 
becomes stronger with increasing the number of poles. Also, higher order magnetic multi-pole confinement systems 
using more permanent magnets have the additional characteristic that the co-extracted electron beam currents 
decrease while simultaneously keeping negative ion current sufficiently high. 
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